High grade limestone was obtained by removing trace impurities through reverse and carrier flotation techniques. A simple method for measuring the impurity content of limestone was developed by correlating the amount of impurities and the turbidity of suspensions of residue from limestone dissolved in 20% acetic acid.
Introduction
A large amount of limestone (CaCO 3 ) is used widely in various industries such as cement, plastic, and paper, due to its low cost. [1] [2] [3] However, high grade limestone deposits are being depleted and low grade deposits need to remove their impurities before they can be utilized. 3) Limestone to be used as filler for paper requires strict quality control in properties such as particle size and whiteness.
2) Limestone containing more than 0.1 mass% of trace impurities is difficult to use, because the impurities decrease the whiteness of paper and the durability of the equipment used in paper manufacturing. Here, the impurities are defined as materials not dissolved by acetic acid through a method developed in this study. Due to this, limestone with more than 0.1 mass% impurities is only used for cement. The establishment of a method to remove trace impurities from limestone with impurity contents above 0.1 mass% is important to be able to utilize such resources as filler for paper manufacturing.
Flotation is the most important and versatile mineral processing technique for fine particle processing and upgrading of ore. Both uses and applications of flotation are being expanded to treat greater tonnages and to cover new areas. 4) There are various flotation researches related to limestone:
3,5-10) (1) calcite or limestone is removed as a gangue to recover fluorite, 5, 6) apatite, 7) or phosphate ore; 9,10) (2) limestone is beneficiated to use for cement or paper manufacturing; [11] [12] [13] [14] and (3) silica is removed from limestone using an emulsion flotation technique. 12) However, there have been no papers reporting the removal of trace impurities from limestone using flotation, obtaining high grade limestone as filler in paper manufacturing.
The present study characterized trace impurities in a limestone by X-ray diffractometry and X-ray fluorescence analysis, then determined the turbidity using 20% acetic acid and glycerol, and the trace impurities were removed by a modified flotation technique.
Materials and Experimental Procedures

Materials
Two samples of limestone from the Kawara mine in Fukuoka, Japan were used and the impurity contents were determined to be 0.13 mass% and 0.15 mass% by the method described below in 2.2. The sample with 0.13 mass% impurity was ground with a ball mill (UBM-2L, Masuda Co. Ltd., Japan) and the ground product was used as feed for the flotation tests. The median diameter of the ground product was 9.45 mm and the 90% of cumulative undersize (D 90 ) particle diameter was 40.54 mm. The limestone with 0.15 mass% impurity was used as carrier in the flotation tests, because aside from it can adsorb the impurities, it can be used for cement and has little effect on the grade of the concentrate.
Impurity particles in the limestone were collected by dissolving limestone in 20% acetic acid (Wako Pure Chemical Industries, Ltd.) at 5 mass% pulp density and centrifuging the suspension at 17600 Â g centrifugal acceleration for 10 min in a RS-18III high speed refrigerated centrifuge (TOMY SEIKO Co. Ltd., Japan). The precipitate was dried at 65 C overnight and characterized by the method described in 2.3.
Quantitative analysis of impurity in the limestone by
turbidity measurement The impurity particles in limestone collected from the centrifuge tube by the method described in 2.1 (residue obtained by dissolving limestone with 20% acetic acid) were added to a mixture of 25 cm 3 of glycerol and 25 cm 3 of distilled-deionized water (DDW). After agitation, the suspension was introduced into a glass cell, and the turbidity of the suspension in the glass cell was measured with a turbidimeter (SEP-PT-201, Nihon Seimitsu Kagaku Co., Ltd., Japan).
Characterization of the impurities
The impurity particles obtained using the method described in 2.2 were analyzed with an X-ray diffractometer (XRD, JEOL JDX-3500), an energy diffusive type X-ray fluorescence analyzer (XRF, JEOL JSX-3210A), a CHN-corder (Yanako, Japan), a microscope, and a particle size analyzer (Microtrac MT3000, Brookhaven Instruments Co.). The XRD data were obtained with a monochromator under the following conditions: radiation, Cu K, 30 kV, 200 mA; step scanning; time constant 0.5 seconds; and angle range 0-60 degree/2. The XRF was measured under the following conditions: Rh, 30 kV; time 300 seconds. Before analyzing the particle size, the impurity particles were conditioned to disperse fully by ultrasonic treatment for 30 seconds.
The zeta potentials of the impurities were analyzed with a zeta potential analyzer (Zeta-Plus, Brookhaven Instruments Co., USA).
Flotation
Reverse flotation and carrier flotation were conducted to remove the impurities from the limestone. The limestone, ground as in section 2.1, with 0.13 mass% impurity and 9.45 mm median diameter was used as feed for the flotation tests. All flotation experiments were performed using a flotation tester (FT-1000, Heiko Seisakusho Ltd.): flotation cell 8 cm long, 8 cm wide, and 12 cm high, and with a 5 cm diameter impeller blade. The pH of the suspensions was adjusted with 1 kmolÁm À3 of NaOH or H 2 SO 4 . All reagents were of analytical grade.
The removal ratio was calculated by determining the differences between the amount of impurities in 3 g of limestone before and after the flotation tests.
removal ratio ¼ impurity amount before flotationÀimpurity amount after flotation impurity amount before flotation Â 100
The recovery ratio was determined by the following equation:
recovery ratio ¼ amount of limestone in non-froth product limestone amount of feed Â 100
Reverse flotation
A 40 g of limestone feed was added to 340 cm 3 of distilleddeionized water (DDW). With a magnetic stirrer, the suspension was agitated at 600 rpm for 5 min, then 0.015 cm 3 methyl isobutyl carbinol (MIBC, Nippon Kasei Chemical Co., Ltd.) as frother and 0.015-0.03 cm 3 kerosene (Wako Pure Chemical Industries, Ltd.) as collector were added. The suspension was agitated for conditioning at 600 rpm for 5 min. After conditioning, the suspension was introduced into the flotation cell, and 60 cm 3 of DDW was added to adjust the pulp density to 10 mass%, and the pH of the suspension was adjusted to a desired value. Flotation was conducted under the following conditions: air flow rate, 1,200 cm 3 Ámin À1 ; flotation time, 5 to 30 min; impeller speed, 1200 rpm. The impurities were removed as froth, and the froth and the non-froth product were dried at 105 C for one day, then weighed and their impurity contents were measured.
Carrier flotation combined with reverse flotation
The limestone with 0.15 mass% impurity was used as the carrier. Carrier flotation was conducted using sodium oleate (NaOl) or dodecylammonium acetate (DAA) as collectors under the following conditions: for the limestone, suspension 30 g of limestone feed was added to 270 cm 3 of DDW; for the carrier suspension, 10 g of carrier was added to 90 cm 3 of DDW. Each suspension was agitated at 600 rpm for 10 min with a magnetic stirrer and then for another 3 min after adding a desired amount of collector. The two suspensions were mixed and conditioned in a flotation cell at 1700 rpm for 5 min after adding 0.015 cm 3 of MIBC, 0.015 cm 3 of kerosene (or isooctane), and 40 cm 3 of DDW, and adjusting the pH. Flotation was conducted for 10 min under the same conditions as in the reverse flotation.
Results and Discussion
The impurity content of the limestone is extremely low. A simple and accurate method was developed to determine trace amounts of impurities by dissolving limestone in 20% acetic acid solution. Figure 1 shows the turbidity of suspensions containing known amounts of impurities. There was a good correlation between the turbidity and the amount of impurities (R 2 ¼ 0:9758). The trace amount of impurities was determined by this method using the calibration curve shown in Fig. 1 . Figure 2 shows the XRD pattern of the impurities with peaks for quartz and calcite observed; some calcite remains after dissolving the limestone with 20% acetic acid. As can be seen in Table 1 , the results of the XRF analysis indicate that the major components of the impurities are Si and Ca, agreeing with the results of XRD. The impurities were analyzed with a CHN-corder to measure the carbon content and the result is shown in Table 2 . The carbon content other than CaCO 3 is 10.5 mass% in the impurities, showing that quartz is a main component of the impurities. As shown in Fig. 3 , microscopic observation indicated that the silicate particles are partly coated with carbon components. Figure 4 shows the particle size distribution of the impurities. The cumulative undersize of 10, 50, and 90% were obtained as 8.39 mm, 44.35 mm, and 158.70 mm, respectively. Because 90% of the impurities were coarser than 9 mm, about 90% of the impurities could be liberated by grinding limestone to finer than 10 mm.
Because the impurities are coated partly with carbon, it is expected that they can be removed by flotation using kerosene as a collector for carbon. This flotation technique was conducted to obtain high grade limestone as the nonfroth product, therefore this is termed as reverse flotation. Figure 5 shows the removal ratio of the impurities and the recovery ratio of the limestone as a function of flotation time. The removal ratio increases from 21.0% at 5 min to 65.7% at 30 min, while the recovery ratio is almost constant and higher than 97%. To obtain high removal ratio, longer flotation time is needed due to low collision probability of air bubbles and few amount of impurities. Figure 6 shows the relation between the removal ratio and the recovery ratio to kerosene addition with flotation time kept at 10 min in the reverse flotation. The removal ratio increases from 34.2 to 58.8% with increase in the amount of kerosene and the recovery ratio is always higher than 95%. Generally, kerosene adsorbs on surfaces of hydrophobic particles such as carbon and it accelerates adhesion of particles on the bubbles and improves flotation performance. This would be the reason why the removal ratio of impurities increases with increasing amounts of kerosene. As stated above, the reverse flotation using kerosene as a collector is an effective method to remove impurities in limestone, but the removal ratio of impurities is not sufficient when kerosene amounts are low and flotation times are short: for example the removal ratio is only 21.0% with 5 min of flotation time and 0.015 cm 3 kerosene addition. There are two reasons for the low removal ratio of impurities in the reverse flotation: (1) when the surface coverage of silica particles with carbon is small due to low carbon content, the particles behave as hydrophilic and this causes the low floatability of particles. In this case, addition of collector, which will change the silica surface to hydrophobic, may be effective to improve the removal of silicate impurities; (2) because the inertia of very fine impurities is very small, they move together with the fluid and the probability of collision between particles and bubbles is low. To overcome this, carrier flotation combined with reverse flotation was applied, where carrier particles of sizes sufficiently large to collide with bubbles were introduced in the flotation pulp. The carrier attaches to the fine particles, then adsorbs on bubbles and floats. It has been widely reported that carrier flotation is effective to remove fine particles in small amounts 15) with coal, 16) anatase, 17) and gold. 18) In the carrier flotation, a low-grade limestone with 0.15 mass% impurities and of 106-149 mm particle size was used as the carrier, because the low-grade limestone is easily obtained in situ and the carrier/impurity mixture recovered by the flotation can be expected to find usage in cement production.
The quartz surface is negatively charged over a wide pH range and with a cationic surfactant (DAA) it can be expected to adsorb on silica surfaces by electrical attraction 19) and act as a collector. For simplicity, the carrier flotation using DAA is termed as ''DAA-carrier flotation'' in the succeeding paragraphs.
Prior to the DAA-carrier flotation experiments, the zeta potentials of the impurities and silica with and without 0.0001 molÁdm À3 DAA were determined to confirm if the potential of the impurities is similar to that of silica. The result is shown in Fig. 7 . Here, silica was used as the substitute for the main component of the impurities, i.e. quartz. The zeta potentials of the impurities without DAA agree well with the reported values 20, 21) for quartz and the curve shapes of the impurities and silica were similar. Both the zeta potentials of the impurities and silica with DAA changed from negative to positive and are close to each other. This suggests that the surfaces of the impurities behave like the silica surface and that DAA can be adsorbed.
Carrier flotation using 0.001 molÁdm À3 DAA as a collector and 0.015 cm 3 isooctane as an accelerator was performed. Figure 8 shows that the removal and the recovery ratios decrease with the increase in pH from 9 to 11. The dissociation constant of dodecylammonium ions is 10.63, 22) and above pH 10.6 the capability of DAA as a collector would decrease. The highest removal ratio of 58.3% was obtained at pH 9.
The effect of DAA concentration on the recovery and the removal ratios was investigated at pH around 10. As shown in Fig. 9 , with increasing DAA addition, the removal ratio increases and the recovery ratios decreases sharply. The cationic collector DAA adsorbs on the negatively charged surface of impurities and carrier, and both collide and adhere to each other mainly due to hydrophobic bond, then float. Because DAA acts both as a collector and a frother, the increase in DAA addition produces an abundant froth volume, causing the decrease in the recovery of limestone as non-froth product.
Sodium oleate (NaOl) acts as a collector for quartz 23, 24) in the presence of Ca 2þ ions. The preliminary experiment results of bubble pick-up tests for the impurity showed that the impurity particles became hydrophobic with NaOl, thus carrier flotation using NaOl was conducted and is termed as ''NaOl-carrier flotation''. The effect of particle size of the carrier in NaOl-carrier flotation was investigated with these carrier size fractions: 149-210 mm, 210-297 mm, 297-590 mm, and 590-850 mm. Figure 10 shows that the removal ratio decreases with increasing carrier size, while the recovery ratio remains almost constant. This could be explained from the fact that smaller sized carriers have larger specific surface areas and adsorb more impurity particles such as quartz and carbon. The 149-210 mm carrier was used in the succeeding experiments. Figure 11 shows the effect of pH on the removal ratio in the NaOl-carrier flotation. The highest ratio (56.3%) with 85.2% recovery was obtained in the pH region between 10 and 11, where activation of the quartz by calcium species dissolved from limestone is expected to occur. 23, 24) This activation is explained by the formation of Ca-oleate salts in solution or in the vicinity of the quartz surface followed by adsorption. This adsorption mechanism requires the presence of Ca(OH) þ ions in solution, which only becomes significant near pH 11. 23) At pH values lower than 11, concentrations of Ca(OH) þ decrease, and this would cause a decrease in the adsorption amount of the collector on the quartz surface and a decrease in its floatability.
As discussed above, the impurity removal ratio of more than 50% with limestone recovery higher than 85% was obtained under suitable conditions by both reverse flotation and carrier flotation. As the whiteness index of limestone with less than 0.06 mass% impurity is higher than 90 (Hunter whiteness degree measured according to JIS-P8123), the limestone treated by the flotation methods can be used as a high quality limestone in paper manufacturing. 25) 
Conclusions
Trace impurities from limestone were removed by reverse flotation and carrier flotation combined with reverse flotation. A simple method of measuring impurity content of limestone was developed by correlating the amount of impurity and the turbidity of residue suspensions prepared by dissolving limestone with 20% acetic acid.
In the reverse flotation with kerosene as collector, the removal ratios increased from 21.0% to 58.8% and 65.7% with the increase in the amount of collector and flotation time, respectively. In the carrier flotation combined with reverse flotation, where limestone with 0.15 mass% impurities was used as the carrier, the removal ratios were 56.3% with NaOl as collectors at pH 10-11 and 58.3% with DAA at pH 9, respectively. These results suggest that more than 50% of trace impurity can be removed by flotation techniques, and the non-froth product can be used as a high quality limestone in paper manufacturing.
